The transcriptional repressors Polycomb repressive complex 1 (PRC1) and PRC2 are required to maintain cell fate during embryonic development. PRC1 and PRC2 catalyze distinct histone modifications, establishing repressive chromatin at shared targets. How PRC1, which consists of canonical PRC1 (cPRC1) and variant PRC1 (vPRC1) complexes, and PRC2 cooperate to silence genes and support mouse embryonic stem cell (mESC) self-renewal is unclear. Using combinatorial genetic perturbations, we show that independent pathways of cPRC1 and vPRC1 are responsible for maintenance of H2A monoubiquitylation and silencing of shared target genes. Individual loss of PRC2-dependent cPRC1 or PRC2-independent vPRC1 disrupts only one pathway and does not impair mESC self-renewal capacity. However, loss of both pathways leads to mESC differentiation and activation of a subset of lineage-specific genes co-occupied by relatively high levels of PRC1/PRC2. Thus, parallel pathways explain the differential requirements for PRC1 and PRC2 and provide robust silencing of lineage-specific genes. , Parallel PRC2/cPRC1 and vPRC1 pathways silence lineage-specific genes and maintain self-renewal in mouse embryonic stem cells. Sci. Adv. 6, eaax5692 (2020).
INTRODUCTION
Embryonic stem cells (ESCs) have the potential to self-renew and differentiate into any cell type of the embryo. Self-renewal and pluripotency are sustained by an autoregulatory network of transcription factors cooperating with diverse chromatin modifiers to establish and maintain ESC-specific gene expression (1) . Silencing of lineage-specific genes, critical to prevent both spontaneous differentiation and exit from pluripotency, is thought to involve epigenetic chromatin modifications by Polycomb group (PcG) proteins (2, 3) .
In vertebrates, PcG proteins assemble into diverse chromatinmodifying complexes, represented mainly by Polycomb repressive complex 1 (PRC1) and PRC2 (4, 5) . PRC2 contains Suz12, Eed, and the histone methyltransferases Ezh1/2, which mono-, di-, and trimethylate lysine 27 of histone H3 (H3K27me1/2/3) (6-9). PRC1 is defined by an E3 ligase activity that catalyzes monoubiquitination of histone H2A at lysine 119 (H2AK119ub1) (10) (11) (12) . The E3 ligase activity of mammalian PRC1 resides in the Ring1/Rnf2 subunit (also known as Ring1A/Ring1B) when paired with a Pcgf protein (13) (14) (15) . Ring1/Rnf2 combines with one of six mammalian Pcgf proteins to promote the assembly of biochemically distinct multisubunit PRC1 complexes (16, 17) .
PRC1 complexes can be broadly subdivided into canonical and variant complexes (cPRC1 and vPRC1, respectively), based on distinct modes of genomic targeting. cPRC1 localizes at PRC2 targets by binding to H3K27me3 via a chromobox domain-containing (CBX) protein (9, 18, 19) . In mouse ESCs (mESCs), Cbx7 is the predominant CBX protein responsible for cPRC1 targeting (16, 20, 21) . H3K27me3 binding by CBX proteins prompted an initial model for PcG protein recruitment as stepwise, hierarchical targeting and coordinated gene silencing by PRC2 and cPRC1 (PRC2/cPRC1). cPRC1 complexes can support chromatin compaction and long-range interactions between large Polycomb chromatin domains, which has been proposed to facilitate transcriptional gene repression (22, 23) .
vPRC1 incorporates Rybp/Yaf2 in place of CBX proteins (13, (15) (16) (17) . Hence, variant complexes are recruited to target genes independently of H3K27me3 and PRC2. Sequence-specific recruitment of vPRC1, which at least partly involves recognition of hypomethylated CpG islands (CGIs) (24, 25) , has been proposed to subsequently promote PRC2 targeting. PRC2 can recognize H2AK119ub1 (14, 26) , leading to a revised pathway in which vPRC1 acts most upstream by signaling for PRC2 targeting via H2AK119ub1 and, by extension, cPRC1 recruitment. Thus, through "writing" and "reading" of histone modifications, PRC1 and PRC2 engage in a feedback mechanism that promotes the formation of a repressive chromatin domain. This model is supported by recent evidence demonstrating that PRC2 recruitment is severely reduced upon complete catalytic inactivation of PRC1 (27, 28) . However, there is also mounting evidence for sequence-specific binding of PRC2 subunits (29) (30) (31) . Hence, a multitude of different, parallel signals may direct PRC1 and PRC2 recruitment in mammals.
PRC1 subunit composition affects not only targeting but also catalytic activity. Pcgf-Ring1 heterodimers associated with vPRC1 have intrinsically higher enzymatic activity in vitro compared to their cPRC1 counterparts (13, 32, 33) . In addition, the vPRC1 subunit Rybp enhances monoubiquitination by the catalytic core complex (33) . Hence, in vivo vPRC1 complexes are responsible for catalyzing the majority of H2AK119ub1, targeting its deposition at distinct genomic regions (34, 35) . In contrast, the contribution of cPRC1 to the pool of H2AK119ub1 remains controversial.
Beyond serving as targeting signal, the relevance of H2AK119ub1 to silencing is unclear since the capacity of PRC1 to condense chromatin structure appears to be independent of its catalytic activity (22, 23, 36) . Furthermore, vPRC1 complexes have been implicated in both gene repression and transcriptional activation (34, 35, 37) . Together, these observations argue for distinct modes of regulation by vPRC1 and PRC2/cPRC1. Whereas PRC1 and PRC2 have been shown to be essential in early embryonic development (38) (39) (40) (41) , their relevance for ESC pluripotency and self-renewal remains controversial (3) . Accumulating evidence suggests that PRC2 subunits are required for differentiation in vitro, but loss of Suz12 or Eed does not substantially perturb gene expression and self-renewal capacity in mESCs (42) (43) (44) . Although EZH1/2 were recently shown to be required for self-renewal of human ESCs (hESCs) (45, 46) , they were dispensable for proliferation in hESCs cultured with MEK and GSK3 inhibitors, which maintain a naïve ground state mimicking mESCs (46) . In contrast, loss of both PRC1 catalytic core subunits Ring1 and Rnf2 resulted in derepression of lineage-specific genes and spontaneous differentiation, indicating an essential role for maintaining mESC identity (47) . This phenotypic discrepancy between PRC1 and PRC2 could reflect distinct roles in stem cell fate maintenance. Alternatively, PRC2-dependent and PRC2-independent PRC1 complexes might play redundant roles in mESC self-renewal. To this extent, loss of PRC2-dependent cPRC1 at shared target genes might be compensated by vPRC1 and vice versa, whereas loss of all PRC1 complexes upon Ring1/Rnf2 loss would eliminate compensation.
To test this hypothesis, we used chemical genetics to evaluate the impact of disrupting PRC2/cPRC1 and vPRC1 on H2AK119ub1 deposition, lineage-specific gene silencing, and maintenance of mESC identity. We show that simultaneous, but not individual, depletion of Rybp (vPRC1) and Eed or Suz12 (both PRC2) diminishes H2AK119ub1 at shared Polycomb target loci and triggers spontaneous differentiation and loss of self-renewal, similar to Ring1/Rnf2 deletion. Specifically, maintenance of repressive chromatin at shared targets involves cooperation between cPRC1 and Pcgf1-containing vPRC1 complexes. Rapid and synchronous PRC1 displacement before differentiation onset reveals that aberrant activation is limited to promoters co-occupied by particularly high levels of cPRC1 and vPRC1. Together, these findings reconcile observations previously interpreted as differential requirements for PRC1 and PRC2 and demonstrate that PRC2/cPRC1 and vPRC1 act redundantly to silence lineage-specific genes and ensure robust maintenance of mESC self-renewal.
RESULTS

vPRC1, cPRC1, and PRC2 target lineage-specific genes
To investigate the roles of PRC2, cPRC1, and vPRC1 in gene repression ( Fig. 1A) , we analyzed their genomic distribution and histone modifications by chromatin immunoprecipitation sequencing (ChIP-seq). We profiled endogenous Rnf2 (PRC1), Eed (PRC2), and Cbx7 (cPRC1), as well as Rybp, Pcgf1, and Pcgf6 (vPRC1) in mESCs cultivated in serum conditions. We determined PRC1-dependent H2AK119ub1 and PRC2-dependent H3K27me3. In addition, we used available BioCap data to identify unmethylated CGIs (48) .
We classified PRC1 and PRC2 target genes via k-means clustering (k = 3) of transcription start sites (TSSs), yielding three distinct sets of genes. Cluster 1 contained 965 inactive CGI TSSs, co-occupied by Cbx7, Rybp, Pcgf1, Pcgf6, Rnf2, and Eed ("shared targets"; Fig. 1 , B and C, and fig. S1, A and B). Cluster 2 contained 7333 transcriptionally active CGI TSSs, enriched for Rybp and Rnf2 but not Cbx7 ("variant-specific targets"; Fig. 1 , B and C and fig. S1, A and B). Occupancy of PRC2 subunits Eed and Suz12 was also strongly reduced relative to cluster 1. Similar to Rybp, Pcgf1 and Pcgf6 were enriched in cluster 2. Thus, the distribution of Pcgf proteins substantially overlaps in mESCs (fig. S1A), distinct from a human cancer cell line (13) and consistent with another recent report (35) . The colocalization of Rybp, Pcgf1, Pcgf6, and Rnf2 at both inactive and active CGI promoters is consistent with diverse vPRC1 complexes contributing to gene repression and activation (34, 35, 37, 49) . Last, cluster 3 contained 19,712 TSSs that lacked enrichment of PcG proteins and BioCap signal, supporting the critical role of CGI in recruiting mammalian Polycomb complexes (24, 25) ("no BioCap"; fig. S1A). "Shared target genes" bound by cPRC1, vPRC1, and PRC2 subunits were enriched for key regulators of lineage specification and differentiation (fig. S1, C and D) (50) .
PRC2/cPRC1 and vPRC1 silence shared target genes independently
First, we evaluated the role of PRC2 in transcriptional silencing and self-renewal by examining Eed-null haploid mESCs from the Haplobank repository (51) . Haploid mESCs are indistinguishable from their diploid counterparts with regard to growth and developmental potential but facilitate reverse genetics via gene-trap insertion (51) . Gene-trap disruption is reversible, restoring normal gene expression and allowing the exclusion of unspecific secondary mutations (fig. S1, E to G). Notably, over time, haploid mESCs tend to spontaneously convert into diploid mESCs (52) . All analyses were performed on haploid-derived diploid mESCs.
For relative comparison of PcG protein occupancy and histone modifications between wild-type and mutant mESCs, we performed calibrated ChIP-seq experiments. For vPRC1, we limited our analyses to profiling of Rybp and Pcgf1. Calibration was achieved by ligation of barcoded adapters to immunoprecipitated genomic DNA from different genotypes and subsequent pooled multiplex library amplification to avoid skewed results due to differential ChIP enrichment.
Haploid-derived Eed-null mESCs lacked Eed protein and displayed substantially reduced levels of genomic H3K27me3 (fig. S2, A and B), as expected given that Eed is essential for PRC2 assembly and function (44) . Cbx7 binding was strongly reduced in Eed-null mESCs, consistent with PRC2-dependent recruitment of cPRC1 (fig. S2, A and B). The genomic distribution of Rnf2 was also substantially reduced upon loss of Eed, suggesting that cPRC1 represents most of the chromatin-bound PRC1 in mESCs, in agreement with previous observations (50) (Fig. 1 , D and E, and fig. S2B ). In contrast, and consistent with H3K27me3-independent targeting, binding of Rybp and Pcgf1 was unchanged or even increased in mESCs relative to wild type ( fig. S2 , A and B). Higher abundance of these variantspecific subunits was particularly evident at shared TSSs, suggesting that vPRC1 competes with PRC2/cPRC1 to bind these targets in wild-type mESCs. Moreover, despite the marked loss of the PRC1 catalytic subunit, H2AK119ub1 levels were only marginally reduced at shared target genes in Eed-null mESCs (Fig. 1 , D and E, and fig. S2B ). These data suggest that vPRC1 targeting is sufficient to maintain this mark in the absence of cPRC1, consistent with other in vitro and in vivo analyses (13, 33, 50) . Transcriptome profiling by QuantSeq, which provides quantitative 3′-end mRNA analysis (53) , revealed that shared and variant-specific genes were mostly unaffected in Eed-null mESCs relative to wild type ( Fig. 1F ). Together, these data suggest that PRC2 and, by extension, cPRC1 (PRC2/cPRC1) are not required to maintain lineage-specific gene repression, in agreement with previous reports (44). Similar Pcgf1 and Pcgf6 distribution could reflect redundant functions of distinct vPRC1 complexes at PcG target genes. Thus, to probe the physiological relevance of vPRC1 and avoid potential compensatory mechanisms, we disrupted all variant complexes by deleting the common subunit Rybp. We used CRISPR-Cas9 to generate Rybp loss-of-function (LOF) mESCs lacking Rybp expression ( fig. S1G ). ChIP-seq profiling in these mutant cells revealed a marked reduction in Pcgf1 binding at both shared and variantspecific targets, indicating efficient disruption of Pcgf1-containing vPRC1 recruitment upon Rybp loss ( fig. S2 , A and C).
In addition, H2AK119ub1 was substantially reduced at shared and variant-specific TSSs (Fig. 1 , D and E, and fig. S2C ), consistent with Rybp stimulating vPRC1-dependent catalytic activity (33) . The reduction was less pronounced at shared targets with the highest H2AK119ub1 levels. Eed and Cbx7 protein expression was elevated, and enrichment of H3K27me3 and Cbx7 was increased at shared target genes in Rybp-null mESCs (figs. S1G and S2, A and C), suggesting that PRC2/cPRC1 may compensate for vPRC1 displacement. Alternatively, the Rybp paralog Yaf2 is expressed in Rybp-null mESCs and may partially compensate at these targets (33) . Notably, Rose et al. (33) reported that conditional Rybp deletion leads to reduced H3K27me3 genome-wide. To reconcile these contradictory results, we propose that the up-regulation of Eed expression that we observe enhances PRC2 activity at steady state to counteract the erosion of this mark immediately after Rybp depletion.
Transcriptome analyses of Rybp-null mESCs revealed significant up-and down-regulation of variant-specific targets, whereas Polycombdependent silencing of shared target genes was unaffected by disruption of vPRC1 ( Fig. 1F ). Overall, our results suggest that PRC2/ cPRC1 and vPRC1 are each sufficient to maintain robust silencing of shared lineage-specific genes and mESC self-renewal.
PRC2/cPRC1 and vPRC1 act redundantly in mESCs
To test whether PRC2/cPRC1 and vPRC1 complexes act redundantly to maintain H2AK119ub1 and silencing at shared target genes, we aimed to establish Rybp LOF in Eed-null mESCs. We found that mESC colonies harboring constitutive Eed and Rybp LOF mutations were not viable so we used the Auxin-based degron system to generate conditional Rybp LOF in Eed-null mESCs. We established two independent Eed-null mESC clones expressing the F-box protein osTir1, and both alleles of endogenous Rybp were fused to an Auxininducible degron (AID)-3×FLAG-green fluorescent protein (GFP) tag (dRybp Eed-null ) ( Fig. 2A ).
In addition, we sought to generate the reciprocal combination in Rybp-null mESCs. However, C-terminal modification disrupts Eed function, and N-terminal fusion was hampered by alternative translation start sites (54) (fig. S1, F and G). Instead, we chose to target the other essential PRC2 core subunit by engineering two independent Rybp-null mESC lines with conditional Suz12 LOF (dSuz12 Rybp-null ). As positive controls, we also established Ring1-null mESCs with conditional Rnf2 LOF (dRnf2 Ring1-null ) to eliminate all PRC1.
All three degron mESC lines expressed their respective AID-3×FLAG-GFP fusion proteins in the absence of Auxin (IAA) (lanes 3 and 5) but not upon IAA treatment (lanes 4 and 6), as expected ( Fig. 2A) . Moreover, we observed the expected protein interactions and bulk histone modifications in degron mESCs, suggesting that assembly and function of PcG complexes were not affected by protein fusions in the absence of IAA ( fig. S3, A and B) .
Fluorescence-activated cell sorting (FACS) analysis revealed rapid and uniform reduction of GFP to background levels within 2 hours of IAA treatment ( fig. S3C ), indicative of synchronous depletion of the AID-3×FLAG-GFP fusion proteins. IAA-treated dRnf2 Ring1-null mESCs displayed strongly diminished cell proliferation compared to untreated controls ( Fig. 2B and fig. S3D ), consistent with impaired self-renewal upon loss of both Rnf2 and Ring1 (47) . IAA treatment also reduced cell proliferation of dRybp Eed-null and dSuz12 Rybp-null mESC lines ( Fig. 2B and fig. S3D ). In addition, neither dRybp Eed-null , dSuz12 Rybp-null , nor dRnf2 Ring1-null mESCs could be cultured for prolonged periods in the presence of IAA. In contrast, proliferation of wild-type, Ring1-null, Eed-null, and Rybp-null mESCs was unaltered by IAA treatment ( fig. S3E ). Thus, unlike loss of Eed or Rybp alone, combined disruption of Rybp and Eed or Rybp and Suz12 significantly compromised mESC self-renewal.
To assess whether the observed proliferation defects coincided with spontaneous differentiation and exit from pluripotency, we performed alkaline phosphatase (AP) staining. To quantify the morphological phenotype, we determined the heterogeneity of AP staining across all colonies for each genotype as a standard deviation of optical density (stdev Density) (fig. S4, A and B). IAA treatment of dRybp Eed-null , dSuz12 Rybp-null , and dRnf2 Ring1-null mESCs yielded sparse, partially fragmented colonies with significantly whiter, unstained cells compared to control conditions, consistent with spontaneous differentiation and the loss of self-renewal capacity (Fig. 2 , C and D). By comparison, IAA treatment had no impact on AP staining of Eed-null, Rybp-null, and Ring1-null mESC colonies ( fig. S3 , F and G).
To further validate that the cellular phenotype stems from combined deregulation of PRC2/cPRC1 and vPRC1, we engineered two additional independent dRybp mESC lines: one with constitutive Suz12 LOF (dRybp Suz12-null ) and another one with both Suz12 and Eed LOF (dRybp Suz12-null, Eed-null ) ( fig. S5 , A and B). IAA treatment resulted in significantly reduced proliferation of dRybp Suz12-null and dRybp Suz12-null, Eed-null mESCs and a higher fraction of colonies with partial AP staining (fig. S5, C to F). Thus, PRC2/cPRC1 and vPRC1 are both required to prevent spontaneous differentiation of mESCs.
Unlike serum-grown mESCs, which exhibit varied expression of pluripotency factors, mESC cultivation in defined medium with inhibitors of two kinases (MEK and GSK3), known as "2i" medium, enforces a uniform naïve ground state with little propensity for spontaneous differentiation (55) . To evaluate the requirement of PRC2/cPRC1 and vPRC1 for self-renewal in a homogeneous population of naïve mESCs, we examined cell proliferation of dRybp Eed-null and dSuz12 Rybp-null mESCs in 2i conditions. Upon IAA treatment, all degron mESC lines grown in defined 2i medium showed severe proliferation defects similar to those grown under serum conditions ( fig. S5 , G and H). IAA-treated cells detached from tissue culture plates, thus preventing the quantification of differentiation levels by AP staining. Together, these data suggest that PRC2/cPRC1 and vPRC1 act redundantly to promote self-renewal and maintain mESC identity.
Loss of mESC self-renewal is linked to reduced PRC1-mediated H2AK119ub1 at shared Polycomb target genes
To investigate whether aberrant mESC self-renewal upon loss of both PRC2/cPRC1 and vPRC1 is related to changes in PRC1 occupancy and H2AK119ub1, we performed calibrated ChIP-seq. Degradation of Rnf2 upon IAA treatment of dRnf2 Ring1-null mESCs resulted in a 5 of 15 In Eed-null mESCs, AID-3×FLAG-GFP was inserted biallelic at the 3′ end of the endogenous Rybp ORF (left). In Rybp-null mESCs, AID-3×FLAG-GFP was inserted biallelic at the 3′ end of the endogenous Suz12 ORF (middle). In Ring1-null mESCs, AID-3×FLAG-GFP was inserted biallelic at the 5′ end of the endogenous Rnf2 ORF (right). All degron mESC lines constitutively express osTir1. Western blot of PcG proteins and histone modifications in wild-type, Eed-null mESCs, and two independent clones of dRybp Eed-null mESCs (left). Western blot of PcG proteins and histone modifications in wild-type mESCs, Rybp-null mESCs, and two independent clones of dSuz12 Rybp-null mESCs (middle). Western blot of PcG proteins and histone modifications in wild-type mESCs, Ring1-null mESCs, and two independent clones of dRnf2 . Notably, loss of cPRC1 coincided with substantially reduced H2AK119ub1, particularly at shared target genes, arguing that cPRC1 is critical for the maintenance of this repressive histone mark in the absence of vPRC1. Thus, in contrast to single LOF mutations in Rybp or Eed/Suz12, combined depletion severely reduces total PRC1 targeting and activity similar to Ring1/Rnf2 (Fig. 3A  and fig. S6C ). While vPRC1 complexes shape H2AK119ub1 broadly throughout the genome (34), deposition of this mark at shared TSSs depends on the catalytic activities of both vPRC1 and cPRC1 complexes. Together, these results suggest that cPRC1 and vPRC1 cooperate to maintain repression of shared target genes and support the link between the cellular phenotype and loss of PRC1-dependent chromatin modifications.
PRC2/cPRC1 and vPRC1 cooperate to maintain silencing of lineage-specific genes
Our data suggest that PRC2/cPRC1 and vPRC1 act redundantly in mESCs to repress chromatin at lineage-specific developmental genes and support self-renewal. Disruption of PRC1 via codepletion of Ring1 and Rnf2 causes derepression of Polycomb target genes and down-regulation of pluripotent stem cell markers (47) ; therefore, we expected similar gene expression changes in dRybp Eed-null and dSuz12 Rybp-null mESCs treated with IAA. To test this hypothesis, we quantified mRNA expression by QuantSeq, which requires 10 times fewer reads than conventional mRNA profiling methods and thus facilitated a direct comparison of multiple conditions in the same sequencing experiment.
Consistent with the observed phenotypes, complete loss of PRC1 activities in dRnf2 Ring1-null mESCs resulted in marked changes in gene expression (P adj < 0.1; Fig. 4A ): 2613 genes were significantly deregulated 24 hours after IAA treatment, and most remained deregulated within the 4581 genes that were altered 48 hours after treatment. More genes were up-regulated than down-regulated upon loss of PRC1, in line with its critical role in maintenance of gene silencing.
Despite comparable cellular phenotypes, fewer gene expression changes were observed upon IAA treatment of dRybp Eed-null and dSuz12 Rybp-null mESCs (Fig. 4A ). Relative to untreated controls, vPRC1 disruption in dRybp Eed-null mESCs led to the deregulation of 1074 genes after 24 hours and 1736 genes after 48 hours, while Suz12 degradation in dSuz12 Rybp-null mESCs led to the deregulation of 422 genes after 24 hours and 1851 genes after 48 hours. Nevertheless, the genes that were altered in dRybp Eed-null and dSuz12 Rybp-null mESCs significantly correlated and overlapped with those altered upon loss of Rnf2 in dRnf2 Ring1-null mESCs (Fig. 4B and fig. S7A ). Thus, the transcriptome changes due to sequential displacement of cPRC1 and vPRC1 showed a high degree of concordance with those arising from complete loss of PRC1.
Gene Ontology (GO) analyses revealed that the genes up-regulated upon IAA treatment of dRybp Eed-null , dSuz12 Rybp-null , and dRnf2 Ring1-null mESCs were enriched for transcription factors linked to developmental processes, including pattern specification, embryonic organ development, and skeletal systems development (Fig. 4C) . Shared Polycomb target genes were preferentially up-regulated in response to IAA treatment, consistent with the aberrant activation of lineagespecific transcriptional regulators (Fig. 4D) . In contrast, variantspecific genes displayed both up-regulation and down-regulation ( Fig. 4D) . GO term analysis revealed that down-regulated genes were enriched for genes associated with RNA processing and metabolism, consistent with the observed proliferation defects ( fig. S7B ). In addition, unlike lineage-specific regulators, pluripotency transcription factors including Pou5f1 (Oct4), Sox2, and Zfp42 (Rex1) were down-regulated in dRybp Eed-null , dSuz12 Rybp-null , and dRnf2 Ring1-null mESCs upon IAA treatment (Fig. 4E) , consistent with the observed exit from pluripotency. Similar changes in gene expression were detected upon IAA treatment of degron mESCs cultured in 2i conditions ( fig. S7, C and D) .
The observed gene expression changes are in agreement with the loss of self-renewal and the spontaneous differentiation of IAAtreated dRybp Eed-null mESCs and dSuz12 Rybp-null mESCs, resembling IAA-treated dRnf2 Ring1-null mESCs. We conclude that the disruption of both vPRC1 and PRC2/cPRC1 in mESCs leads to loss of PRC1mediated H2AK119ub1 and aberrant activation of genes encoding key developmental regulators. vPRC1 and PRC2/cPRC1 act redundantly to maintain repression of these target genes, providing robust control to safeguard mESC self-renewal and pluripotency.
PRC1/2 enrichment levels and chromatin marks predict Polycomb-dependent repression
Next, we examined how the gene expression changes were related to PRC1 occupancy and histone modifications. On average, genes that were up-regulated upon IAA treatment showed reductions in both Rnf2 occupancy and H2AK119ub1 (Fig. 5, A and B) . However, many genes without transcriptional changes ("unchanged") also showed diminished Rnf2 and H2AK119ub1 levels in IAA-treated cells (Fig. 5, A and B) . Only a small fraction of Polycomb target genes were derepressed upon 48 hours of IAA treatment of dRybp Eed-null , dSuz12 Rybp-null , and dRnf2 Ring1-null mESCs, revealing a distinct requirement for PRC1 activity.
First, to distinguish direct changes due to loss of PRC1 activity from indirect changes due to differentiation, we analyzed gene expression within 6 hours of IAA treatment. In dRybp Eed-null , dSuz12 Rybp-null , and dRnf2 Ring1-null mESCs, we observed altered expression of 63, 1, and 555 genes, respectively ( fig. S8A ). Among the up-regulated genes, we noticed a clear bias for shared Polycombbound TSSs at the early time points compared to 48 hours of IAA treatment ( fig. S8B ). While shared genes account for only 12% of all PcG target genes, they were significantly overrepresented in the fraction of up-regulated genes at 6 and 24 hours of IAA treatment in dRybp Eed-null , dSuz12 Rybp-null , and dRnf2 Ring1-null mESCs, suggesting that shared genes are particularly and directly vulnerable to loss of PRC1 activity ( fig. S8B ).
Next, we sought to determine whether the subset of shared Polycomb target genes that require PRC1 activity to maintain silencing exhibits any unifying features in wild-type mESCs, which may predict their derepression upon PRC1 loss. CGI promoters of shared Polycomb target genes are also bound by Trithorax group (TrxG) proteins, which mediate active chromatin modifications, including H3K4me3. Consequently, colocalization of PcG proteins and TrxG proteins is associated with "bivalent" nucleosomes bearing H3K27me3 and H3K4me3 (56) . Bivalent chromatin modifications have been proposed to confer a "poised" promoter state at lineage-specific genes, which is repressed but favors rapid activation in response developmental cues (56) . We hypothesized that shared target genes with elevated H3K4me3 would require PRC1 to maintain silencing; however, H3K4me3 enrichment was unrelated or correlated negatively to PRC1 dependence ( fig. S8C ).
Next, we hypothesized that rapid aberrant activation of shared PcG target genes due to PRC1 loss might be associated with relatively low levels of repressive histone modifications and PcG protein occupancy. Unexpectedly, H3K27me3 and H2AK119ub1 were higher at up-regulated shared genes compared to unchanged shared genes at 6 and 24 hours of IAA treatment (Fig. 5C and fig. S8D ). Similarly, PRC1 (Rnf2) and PRC2 (Suz12) levels were also significantly higher at shared TSSs that require PRC1 to maintain silencing at these early time points ( Fig. 5C and fig. S8D ). Elevated levels of total PRC1 reflect higher Cbx7 and Rybp occupancy, in agreement with observations that both cPRC1 and vPRC1 are required for robust transcriptional repression ( fig. S8D ).
Together, we conclude that only a subset of silent lineage-specific genes relies on PRC1 for transcriptional repression in mESCs. These PRC1-dependent TSSs are controlled by cPRC1/PRC2 and vPRC1, which establish large domains of repressive Polycomb modifications.
Pcgf1-containing PRC1 and cPRC1 are required to maintain mESC self-renewal
Last, we sought to identify which vPRC1 complex cooperates with cPRC1 to maintain H2AK119ub1 at shared Polycomb TSSs. Pcgf1, Pcgf3, Pcgf5, and Pcgf6 nucleate highly heterogeneous vPRC1 complexes, display distinct modes genomic targeting, and have variable contributions to genomic H2AK119ub1 in vivo (34, 35) . Pcgf1containing PRC1 is broadly responsible for H2AK119ub1 at most Polycomb-bound TSSs (34) , and its genomic localization substantially overlaps with Eed, Cbx7, and Rybp at shared TSSs ( fig. S1A ) 35) . Hence, we decided to focus our investigation on the interaction between cPRC1/PRC2 and Pcgf1-containing vPRC1. First, we engineered dSuz12 mESCs with IAA-dependent expression of endogenous Suz12 fused to AID-3×FLAG-GFP ( Fig. 6A and fig. S9A,  lanes 1 and 2) . Next, we used CRISPR-Cas9 gene editing in dSuz12 mESCs to obtain two independent clones with Pcgf1 LOF (dSuz12 Pcgf1-null ) ( Fig. 6A and fig. S9A, lanes 3 to 6) . Notably, compared to untreated controls, IAA addition to dSuz12 Pcgf1-null mESCs severely impaired cell proliferation and impeded prolonged culturing ( Fig. 6B  and fig. S9B ). In contrast, proliferation was not significantly affected in dSuz12 mESCs, which could be long-term cultured in the presence of IAA (fig. S9B ). The cellular phenotype in dSuz12 Pcgf1-null mESCs closely resembled the effects observed in IAA-treated dRybp Eed-null and dSuz12 Rybp-null mESCs, suggesting defects in self-renewal capacity. AP staining of IAA-treated colonies of dSuz12 Pcgf1-null mESCs, but not dSuz12 mESCs, revealed sparse, partially fragmented colonies with whiter, unstained cells compared to control conditions, consistent with spontaneous differentiation and the loss of self-renewal capacity ( Fig. 6C and fig. S9 , C and D). Last, we interrogated the impact of cPRC1 displacement on H2AK119ub1 and expression of a panel of shared Polycomb target genes in dSuz12 Pcgf1-null mESCs. In agreement with functional redundancy between cPRC1 and Pcgf1-containing vPRC1, Suz12-dependent displacement of Rnf2 led to H2AK119ub1 reduction in dSuz12 Pcgf1-null mESCs but not in dSuz12 mESCs (Fig. 6, D and E, and fig. S9, E to H) . Notably, the drop in H2AK119ub1 at shared Polycomb-bound TSSs in dSuz12 Pcgf1-null mESCs was less pronounced after 48 hours of IAA treatment compared to dSuz12 Rybp-null mESCs (Fig. 3A) . This suggests that PRC2/ cPRC1 might cooperate with multiple vPRC1 complexes to regulate H2AK119ub1 at shared targets. Nevertheless, combined depletion of Suz12 and Pcgf1 was sufficient to abrogate repression resulting in strong transcriptional up-regulation of repressed lineage-specific genes in dSuz12 Pcgf1-null mESCs (Fig. 6F) . Given the substantial genomic overlap at shared Polycomb-bound TSSs, we conclude that Pcgf1-containing vPRC1 and cPRC1 cooperate to maintain H2AK119ub1 and transcriptional repression at TSSs of shared Polycomb target genes.
DISCUSSION
Our work reveals that, in mESCs, PRC2/cPRC1 and vPRC1 act in parallel, redundant pathways. At least one pathway must be engaged to suppress transcription at a subset of lineage-specific promoters that would otherwise trigger spontaneous differentiation (Fig. 6G ). We show that in mESCs lacking Eed/Suz12 (PRC2/cPRC1) and Rybp (vPRC1), transcriptional derepression and exit from pluripotency closely resemble the consequences of Ring1/Rnf2 double depletion (total PRC1), arguing that cPRC1 and vPRC1 separately orchestrate PRC1 activity at co-occupied target genes to facilitate silencing. At the same time, our data do not exclude a cPRC1independent contribution of PRC2 to gene silencing. In contrast and consistent with previous reports, individual disruption of vPRC1, or precluding cPRC1 targeting via loss of H3K27me3, did not affect normal proliferation and gene expression (33, 44) , suggesting that one PRC1 complex family can compensate for the lack of the other.
A study by Morey et al. (50) used single and double knockdowns of Cbx7 and Rybp to distinguish cPRC1 and vPRC1 functions in mESCs. Consistent with our results, the authors reported synthetic reduction of H2AK119ub1 and derepression of selective target genes upon double depletion. However, they did not observe loss of mESC self-renewal. We speculate that phenotypic differences might arise from limited knockdown efficiency or from redundancy by alternative canonical complexes including Cbx2-containing cPRC1. Another study reported that unlike upon codepletion of Eed and Rybp, mESCs lacking Eed together with Rnf2 continue to proliferate and maintain self-renewal capacity (57) . Rnf2 and its closely related homolog Ring1 are shared among all PRC1 complexes (16, 17) . Since up-regulation of Ring1 can compensate for Rnf2 loss (11), vPRC1 function is likely preserved in these cells.
In an effort to identify which vPRC1 complexes synergize with cPRC1, we codepleted Pcgf1 together with Suz12. vPRC1 complexes harboring Pcgf1 are broadly responsible for deposition of H2AK119ub1 at Polycomb-bound TSSs (34, 35) , and their genomic distribution overlaps with PRC2/cPRC1 at shared Polycomb target TSSs ( fig. S1A ) (35) . Consistent with redundant functions at shared targets, induced Suz12 degradation in dSuz12 Pcgf1-null mESCs reduced H2AK119ub1, which led to transcriptional up-regulation and triggered loss of selfrenewal. Since similar molecular and cellular effects were observed upon IAA treatment of dSuz12 Rybp-null mESCs, we conclude that Pcgf1containing vPRC1 cooperates with cPRC1 to maintain H2AK119ub1 at shared Polycomb target genes. In addition, the synthetic lethality of Pcgf1 with Suz12 excludes the possibility that PRC1-independent functions of Rybp account for the loss of self-renewal observed in IAA-treated dSuz12 Rybp-null and dRybp Eed-null mESCs (58) .
While this manuscript was under review, two independent studies reported the consequences of combinatorial deletions of Pcgf genes on Polycomb silencing (34, 35) . To investigate the contributions of cPRC1 and vPRC1 complexes to H2AK119ub1 and gene silencing in mESCs, the two groups created LOF mutations in cPRC1-associated Pcgf2/Pcgf4 alone or in combination with deletions of vPRC1associated Pcgf genes. In agreement with our findings of functional redundancy between cPRC1 and Pcgf1-containing vPRC1 complexes, Scelfo et al. (35) reported that Pcgf1/Pcgf2/Pcgf4 are required for maintenance of H2AK119ub1 at common targets. To determine the contribution of cPRC1, Fursova et al. (34) compared conditional Pcgf1/Pcgf3/Pcgf5 triple knockout (TKO) mESCs with conditional quadruple deletion of Pcgf1/Pcgf3/Pcgf5/Pcgf2. H2AK119ub1 levels were strongly reduced in Pcgf1/3/5 TKO mESCs, and no further reduction was observed upon additional Pcgf2 deletion. While the authors conclude that this suggests minimal contribution of cPRC1, it may be difficult to discern any further reduction from the existing low H2AK119ub1 levels in Pcgf1/3/5 TKO mESCs. Neither study reported spontaneous differentiation and loss of mESC self-renewal capacity in response to codepletion of cPRC1-and vPRC1-associated Pcgf proteins. Notably, unlike in mESCs with complete loss of PRC2dependent H3K27me3, Cbx7 targeting was partially maintained in Pcgf2/Pcgf4 LOF mESCs (34) , suggesting that vPRC1-associated Pcgf proteins can contribute to cPRC1 assembly. Hence, cPRC1 function may be partly preserved upon Pcgf2/Pcgf4 deletion, accounting for the differences between the studies.
Our results reconcile previous observations leading to the interpretation that PRC1, but not PRC2, is required for mESC self-renewal (3) . We demonstrate that PRC2 is critical for directing cPRC1 activity to maintain repression of lineage-specific target genes when vPRC1 function is compromised. Thus, PRC2/cPRC1 and vPRC1 coordinate redundant mechanisms that ensure robust repression of key lineage-specific genes not only for differentiation but also for maintaining mESC identity (Fig. 6G) . Recent studies demonstrated that PRC2 is required for maintenance of self-renewal and pluripotency in primed hESCs (45, 46) . However, this phenotype was rescued upon addition of 2i, converting PRC2 mutant hESCs into a naïve state that resembles the developmental stage of mESCs (46) . We predict that similar to its role in mESCs, vPRC1 can compensate for the lack of PRC2/cPRC1 in naïve hESCs. Conversely, redundant control of lineage-specific gene repression by cPRC1 and vPRC1 may be lost or weakened in primed mESCs and hESCs.
Even though approximately 1000 silent genes have high occupancy of PRC2/cPRC1 and vPRC1, only a fraction of these were derepressed upon cPRC1 and vPRC1 displacement in IAA-treated dRybp Eed-null and dSuz12 Rybp-null mESCs or loss of total PRC1 activity in IAAtreated dRnf2 Ring1-null mESCs. Unexpectedly, aberrantly up-regulated shared genes are embedded in large Polycomb domains with particularly high levels of PRC1 and PRC2 occupancy and histone modifications in mESCs (Fig. 6H ). While some PcG target promoters may lack activating transcription factors in mESCs, our results argue that transcription of other target genes is repressed by Polycombdependent mechanisms. Large Polycomb domains may exert their repressive activity by reducing nucleosome mobility and displacement, thereby hampering accessibility for transcription factors or impeding productive elongation by RNA polymerase II. In another vein, PRC1-independent silencing of shared genes may involve additional chromatin modifications that maintain repression in the absence of PRC1 and PRC2. Binding of other chromatin modifiers to shared PcG target loci might even contribute to limiting the formation of larger repressive Polycomb chromatin domains.
In mammals, cPRC1 and vPRC1 complexes have radiated into diverse PcG protein assemblies with distinct modes of targeting and mechanisms of chromatin regulation (4, 5, 59) . Localization of cPRC1 complexes to PRC2 target loci is predominantly mediated by binding to H3K27me3-modified nucleosomes ( fig. S2A) (21, 50) . In contrast, PRC2-independent targeting of vPRC1 to silent and active TSSs relies mostly on sequence specificity for CGIs (24, 25) . Nevertheless, PRC2/cPRC1 and vPRC1 binding patterns also show substantial overlap at silent lineage-specific genes (33, 50) (this study). In extension, genomic profiling of Pcgf proteins revealed significant colocalization at shared and variant-specific target genes arguing for redundancy even among different vPRC1 complexes (35) . Independent parallel modes of PRC1 targeting may provide fail-safe repression of key lineage-specific genes to maintain mESC pluripotency and self-renewal (Fig. 6G ). In addition, distinct noncatalytic and catalytic activities of cPRC1 and vPRC1 might further promote robustness of repression in the face of developmental transitions. To this extent, we have recently shown that ectopic recruitment of cPRC1 or vPRC1 can initiate transcriptional repression, yet only cPRC1 can engage in a feedback mechanism with PRC2 to promote long-term epigenetic silencing (60) . Hence, sequence-specific binding of vPRC1 might facilitate formation of repressive chromatin, which is subsequently propagated through replication and cell division by cPRC1.
MATERIALS AND METHODS
Cell culture conditions of mESCs
All mESCs used in this study were derived from haploid HMSc2 termed AN3-12 (51) . mESCs grown under serum conditions were cultivated feeder free in base medium composed of high-glucose Dulbecco's Modified Eagle Medium supplemented with 13.5% fetal bovine se-rum (FBS; Sigma), 10 mM Hepes (pH 7.4), 2 mM GlutaMAX (Gibco), 1 mM sodium pyruvate (Sigma), penicillin (100 U/ml) (Sigma), streptomycin (0.1 mg/ml) (Sigma), 1× nonessential amino acids (Sigma), 50 mM -mercaptoethanol (Gibco) supplemented with 10% FBS (Sigma), and recombinant leukemia inhibitory factor (LIF; produced in-house). mESCs grown in 2i conditions were cultivated feeder free in base medium supplemented with 1× N2 Supplement (Thermo Fisher Scientific), 1× B-27 Supplement minus Vitamin A (Thermo Fisher Scientific), GSK3i (CHIR-99021), MEKi (PD0325901), and recombinant LIF.
Handling of haploid mESCs
Haploid mESCs spontaneously turn diploid in culture. We used FACS to isolate haploid mESCs facilitating homozygous genetic manipulation. Genomic DNA was stained for FACS with Hoechst 33342 (20 g/ml; Thermo Fisher Scientific) for 30 min at 37°C and 5% CO 2 . For all biochemical and molecular assays, diploid mESCs were used.
Gene-trap cell lines
Eed-null mESCs, generated by gene-trap insertion, were obtained from the Haplobank repository (51) . Briefly, translation of full-length Eed was terminated by integration of a retrovirus-based enhanced gene-trap cassette between exons 2 and 3.
Generation of AID-tagged mESCs
All genetic manipulations were performed on haploid mESCs to ensure biallelic genetic modification. Ring1-null, Rybp-null, and Pcgf1-null mESCs were generated with CRISPR-Cas9 gene editing (table S2) , and LOF was confirmed by western blotting. Next, wildtype and mutant LOF mESCs were transduced with F-box protein osTir1, and a clone with intermediate osTir1 was isolated from each genotype for further genetic manipulation. Using CRISPR-Cas9mediated homology-directed repair in Eed-null mESCs, we modified the endogenous Rybp gene by introducing a C-terminal fusion with AID followed by 3×FLAG and a GFP CDS (dRybp Eed-null ). Eed expression was restored in these cells by transduction with FlpO recombinase to reverse the disruptive orientation of the gene-trap cassette and obtain dRybp mESCs. In dRybp and dRybp Eed-null mESCs, we used CRISPR gene editing of Suz12 to obtain dRybp Suz12-null and dRybp Suz12-null, Eed-null , respectively. In wild-type, Pcgf1-null, and Rybp-null mESCs, we genetically modified endogenous Suz12 to generate a C-terminal fusion with GFP-3xFLAG-AID (dSuz12, dSuz12 Rybp-null , and dSuz12 Pcgf1-null ). Ring1-null mESCs were modified by CRISPR-Cas9-mediated homology-directed repair to generate an N-terminal fusion of GFP-3×FLAG-AID with endogenous Rnf2 (dRnf2 Ring1-null ). Two independent clones were isolated per genotype. Chemicals Immobilon-P membrane (polyvinylidene difluoride, 45 m). The membrane was blocked [5% nonfat dry milk in 1× phosphatebuffered saline (PBS) and 0.1% Tween 20] and incubated with primary antibodies. Last, the membrane was incubated with corresponding secondary horseradish peroxidase-coupled antibodies (5% nonfat dry milk in 1× PBS and 0.1% Tween 20), developed using Clarity Western ECL Substrate (Bio-Rad) and imaged by a ChemiDoc XRS+ Imaging system (Bio-Rad).
Western blot
AP staining
One thousand cells were grown on gelatin-coated glass coverslips for 5 days to form colonies at low density. The cells were seeded in regular mESC medium and allowed to adhere to the coverslips, and then after 12 to 16 hours, the medium was exchanged with either regular mESC medium or with medium containing 250 M IAA. At day 5, coverslips were washed with 100 mM tris (pH 8) before AP activity assay, which was performed using the VECTOR Blue AP Substrate Kit (Vector Laboratories, VECSK-5300) according to the manufacturer's instructions. After AP staining, colonies were fixed by incubating with Histofix solution (4% formaldehyde) overnight. The next day, coverslips were washed with 1× PBS and mounted onto glass slides using Fluorescence Mounting Medium (Dako, S3023) and left to dry for at least 16 hours. Images from representative colonies were acquired with a bright-field microscope (Axioplan 2) using a 10× objective. The Pannoramic FLASH 250 II (3DHISTECH) widefield microscope was used to scan whole slides to obtain sufficient images for quantification of staining intensity and morphology parameters. The images obtained from scanning whole slides were processed with a custom workflow created by T. Lendl (IMBA/IMP BioOptics Core) using Definiens Developer image analysis software.
Growth curves
A total of 3300 cells per well were seeded in regular mESC medium on flat-bottom 96-well plates in four replicates. The cells were allowed to adhere to the wells for 4 to 6 hours, and then the medium was exchanged either with regular mESC medium or with medium containing 250 M IAA. Cell count was measured after 24, 48, and 72 hours by flow cytometry on LSR Fortessa (BD Biosciences).
Chromatin immunoprecipitation mES cells (25 × 10 6 ) were collected, washed once in 1× PBS, and crosslinked with formaldehyde at a final concentration of 1% for 7 min. The cross-linking was stopped on ice and with glycine at a final concentration of 0.125 M. The cross-linked cells were pelleted by centrifugation for 5 min at 1200g at 4°C. Nuclei were prepared by washes with NP-Rinse buffer 1 [final: 10 mM tris (pH 8.0), 10 mM EDTA (pH 8.0), 0.5 mM EGTA, and 0.25% Triton X-100] followed by NP-Rinse buffer 2 [final: 10 mM tris (pH 8.0), 1 mM EDTA, 0.5 mM EGTA, and 200 mM NaCl]. Afterward, the cells were prepared for shearing by sonication by two washes with Covaris shearing buffer [final: 1 mM EDTA (pH 8.0), 10 mM tris-HCl (pH 8.0), and 0.1% SDS] and resuspension of the nuclei in 0.9 ml of Covaris shearing buffer (with 1× protease inhibitors cOmplete Mini; Roche). The nuclei were sonicated for 15 min (duty factor, 5.0; Peak Incident Power, 140.0; cycles per burst, 200; at 4°C) in 1-ml Covaris glass cap tubes using a Covaris E220 High-Performance Focused Ultrasonicator. Lysates were incubated in 1× IP buffer [final: 50 mM Hepes/KOH (pH 7.5), 300 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% DOC, and 0.1% SDS], with the following antibodies at 4°C on a rotating wheel: H3K27me3 (Diagenode, C15410195), Rnf2 (Cell Signaling Technology, D22F2), Suz12 (Cell Signaling Technology, D39F6), Pcgf1 (Abcam, ab202395), Pcgf6 (Abcam, ab200038), H3K4me3 (Millipore, 05-745R), Cbx7 (Abcam, ab21873), Rybp (Sigma-Aldrich, PRS2227), and H2AK119ub (Cell Signaling Technology, D27C4). ChIPs were washed 5× with 1× IP buffer [final: 50 mM Hepes/KOH (pH 7.5), 300 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% DOC, and 0.1% SDS] or 1.5× IP buffer for H3K27me3 and H2AK119ub1, followed by 3× with DOC buffer [10 mM tris (pH 8), 0.25 mM LiCl, 1 mM EDTA, 0.5% NP40, and 0.5% DOC] and 1× with Tris-EDTA (TE) buffer (+50 mM NaCl).
ChIP-seq library preparation
Libraries were prepared using the NEXTFLEX ChIP-Seq kit (Bioo Scientific) following the "No size-selection cleanup" protocol and doubling the incubation times for all enzymatic steps. Each sample of ChIPed DNA was end-repaired and ligated to unique barcoded adapters to produce individual libraries. Libraries corresponding to samples to be directly compared to each other (e.g., +IAA versus − IAA) were pooled together and purified using 1 volume of Agencourt AMPure XP (Beckman Coulter). The pooled libraries were eluted with 25 l of elution buffer (NEXTFLEX ChIP-Seq kit) and amplified using the KAPA Real-Time Library Amplification Kit (PEQLAB) following the kit instructions. Last, the amplified libraries were sizeselected to fragments of 200 to 800 base pairs by running them on 1.5% agarose gel and staining with 1× SYBR Gold (Thermo Fisher Scientific) to visualize the DNA on a blue light light-emitting diode screen and cut the appropriate fragments. The size-selected libraries were gel-purified with the Monarch DNA Gel extraction kit (New England Biolabs).
Transcriptional profiling of 3′ end mRNA
A total of 75,000 cells per well were seeded on 24-well plates in regular mESC medium in triplicate. After 4 to 6 hours, fresh medium was added to cultivate mESC for 48 hours. Subsequently, mESCs were changed into medium with or without 250 M IAA for a duration of 6, 24, or 48 hours before collecting all samples at the same time (reverse time course). Then, the wells were washed 1× with PBS, and cells were immediately lysed with RLT buffer (RNeasy kit), and total RNA was isolated using the RNeasy kit (QIAGEN) following the oncolumn deoxyribonuclease digestion protocol.
